Parkinson disease (PD) is a relatively common neurodegenerative disorder characterized by the progressive degeneration of dopaminergic neurons in the substantia nigra. About 5%-10% of PD cases are inherited. Mutations in the Parkin gene, which encodes a protein that can function as an E3 ubiquitin ligase, are a common cause of familial PD. Such mutations act in a lossof-function manner and impair the ability of the encoded protein to mediate substrate ubiquitination, although the subsequent molecular pathway that precipitates neuronal degeneration is poorly defined. In this issue of the JCI, Kim and colleagues describe painstaking evidence using a number of dissecting approaches in intact animals and cultured cells to functionally link Parkin and the class B scavenger receptor CD36, suggesting a novel and complex connection between PD and fatty acid metabolism.
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Citation for this

Parkin: a ubiquitin ligase linked to PD
Mutations in the Parkin gene on chromosome 6 cause autosomal recessive, juvenile-onset parkinsonism (AR-JP), the most common form of early-onset disease (3, 4) . The Parkin gene encodes a 465 amino acid protein consisting of a ubiquitin-like domain and a RING-box domain containing two RING finger motifs separated by an in-between-RING finger motif (Figure 1 and ref. 5 ). Similar to other RING-box proteins, Parkin can function as an E3 ubiquitin ligase to catalyze, in cooperation with E1-activating and E2-conjugating enzymes, the covalent attachment of the carboxyl terminal glycine residue of ubiquitin to an internal lysine residue of protein substrates (5) . Parkin can link substrates to chains of ubiquitin polymerized through different lysine residues of the ubiquitin components, with K48-linked chains targeting substrates for proteasomal degradation and K63-linked chains acting as a nondegradative signal (5) . Parkin can also mediate monoubiquitination of proteins and itself (6) . Familial mutations in Parkin act in a loss-of-function manner and impair substrate ubiquitination, although the subsequent molecular pathway that precipitates neuronal degeneration is poorly defined. In this issue of the JCI, Kim et al. have identified a new substrate of Parkin-mediated ubiquitination that provides a novel and complex connection between fatty acid (FA) metabolism and PD (7).
Parkin finds a new substrate
A number of substrates have been identified for Parkin (Figure 1 ), including numerous proteins of the outer mitochondrial membrane (5, 8) . However, impaired ubiquitination of these has yet to be linked molecularly to PD. The study by Kim et al. (7) identifies the class B scavenger receptor CD36 (also known as FA translocase [FAT] ) as a new substrate of Parkin-mediated ubiquitination and proposes a potentially broad function of Parkin in the regulation of FA metabolism. CD36 is a 472-amino acid transmembrane protein that binds with high affinity to a number of lipid ligands including long chain FAs, anionic phospholipids, and native or modified lipoproteins. CD36 also recognizes a number of nonlipid ligands such as thrombospondin-1, collagen, and amyloid-b. Interaction of CD36 with its ligands elicits a range of intracellular signaling processes involving Src and MAP kinases that integrate lipid metabolism and inflammation and also involve CD36 in pathways related to oxidative stress, angiogenesis, platelet hyperactivity, phagocytosis, and cell migration (9, 10) . Studies in CD36-deficient mice (11) and humans (12) have linked CD36 to FA and glucose utilization. Common polymorphisms in the CD36 gene contribute to individual variability in blood lipids (13) and to differences in platelet function (14) . They may also influence susceptibility to the metabolic syndrome (13) and diabetes (15) . Overall, although CD36 is clearly multifunctional, data currently available in humans mainly implicate the protein in FA and lipoprotein metabolism and associated abnormalities.
The regulation of CD36 by Parkin uncovered by Kim et al. (7) is consistent with epidemiologic studies linking altered lipid metabolism to PD (16, 17) and with evidence that abnormalities in lipid processing contribute to degenerative brain diseases (18) . Indeed, these earlier findings are what led Kim and colleagues to investigate the possibility that Parkin regulates systemic lipid metabolism by characterizing the global metabolic responses of WT and Parkin-deficient (Parkin -/-) mice to high-fat diet (HFD) (7) . As expected, the WT mice gained weight on the diet and developed insulin resistance and lipid accumulation in the liver, which was associated with parallel increases in lipid transport proteins and Parkin. In contrast, the Parkin -/-mice were resistant to all these metabolic changes. CD36 was among the lipid transport proteins altered by HFD in the WT but not Parkin -/-mice, and CD36 levels paralleled those of Parkin in multiple tissues. Importantly, rescue of CD36 expression in the liver of Parkin -/-mice increased hepatic fat uptake while rescue of Parkin expression restored endogenous CD36 levels and lipid accumulation. Gain- and loss-of-function studies in cultured cells documented that Parkin regulates CD36 levels and FA uptake, while immunoprecipitation experiments suggested a physical interaction between CD36 and Parkin. Reduction of FA uptake was also observed in B cells derived from patients harboring heterozygous Parkin mutations that associate with earlyonset parkinsonism.
Kim et al. (7) went on to show that the regulation of CD36 by Parkin is mediated via its monoubiquitination, which they propose stabilizes CD36 at the plasma membrane. This contrasts with FAs, which were previously shown to induce polyubiquitination of CD36 and target it for proteasomal degradation. The lysine residues within CD36 that are ubiquitinated upon exposure to FAs are K469 and K472 in the carboxyl terminus of the protein (10) . One of these residues is likely targeted by Parkin, since these are the only lysines present in the cytoplasmic domains of CD36. These residues could constitute a site where the influences of FAs and Parkin on CD36 are integrated. Consistent with FAs and Parkin competing to regulate CD36 levels, Kim et al. (7) found that Parkin prevents FAmediated reduction in CD36 levels. FA induction of CD36 polyubiquitination and degradation acts to limit cellular toxicity from high FAs and would be blunted in the presence of Parkin. Whether this means that Parkin contributes to abnormalities of FA utilization under conditions of high FAs remains to be determined. However, it is clear from the data generated by Kim et al. (7) that Parkin is a player in the regulation of lipid metabolism, especially considering that its expression is not limited to the brain and is observed in a number of metabolically active tissues including the heart and skeletal muscle, where it is particularly
Figure 1
Substrates of Parkin-dependent ubiquitination. Parkin contains a ubiquitin-like (Ubl) domain and a RING-box (RBR) domain consisting of two RING finger motifs separated by an in-between-RING finger domain (IBR). Parkin cooperates with E1-activating and E2-conjugating enzymes to covalently modify protein substrates with ubiquitin, either via alternatively linked polyubiquitin chains or via monoubiquitination. Polyubiquitination via K48-linked chains serves to target substrates for proteasomal degradation, whereas K63-linked polyubiquitination and monoubiquitination serve as nondegradative signals. A broad range of substrates is ubiquitinated by Parkin, often being targeted for degradation (i.e., PAEL-R, AIMP2/p38, CDCrel-1, and cyclin E), whereas others are degradation independent (i.e., Hsp70 and synphilin-1). The lipid transporter CD36 is the latest substrate identified for Parkin and is stabilized by monoubiquitination (7), providing a novel mechanism for the regulation of FA uptake.
abundant. This interpretation would be consistent with previous reports of a role for Parkin in oxidative metabolism and in maintaining mitochondrial quality control. Identified first in Drosophila, where it was reported that Parkin-null flies cannot climb or fly and exhibit reduced body mass (19) , it was later shown in various mammalian cell types that under stressful conditions, Parkin selectively translocates to damaged mitochondria to ubiquitinate mitochondrial proteins and induce mitophagy (8) . It is worth noting that the Parkin substrate CD36 has been identified in isolated mitochondrial preparations, especially under states of high-energy demand such as exercise, where it would facilitate FA access to metabolizing enzymes (20) .
FAs and PD
The paper by Kim et al. (7) shows that Parkin is lipid sensitive and is regulated by dietary fat intake. So, does FA metabolism modulate susceptibility to PD? Emerging epidemiological evidence lends some support to this. In particular, increased dietary intake of omega-3 polyunsaturated FAs (n-3 PUFAs) has been associated with a decreased risk of PD (16), while increased PD risk has been associated with a high intake of the n-6 PUFA arachidonic acid (21) . Dietary n-3 PUFAs also provide neuroprotection in toxin-induced rodent models of parkinsonism (16) . These studies suggest a role for FA metabolism in the maintenance and survival of nigrostriatal pathway dopaminergic neurons. They also touch on the importance of arachidonic acid metabolism in the brain and how its dysregulation may associate with disease (22) . Arachidonic acid, released from membrane phospholipid by phospholipases, notably cytosolic phospholipase A2 (cPLA2), and its metabolites are involved in the regulation of synaptic transmission, and this may be modulated by the PD-associated protein a-synuclein, which sequesters the released arachidonic acid (23) . Coincidentally, the novel Parkin substrate CD36, identified by Kim et al. (7), is also involved in the regulation of arachidonic acid levels. CD36 facilitates arachidonic acid release by virtue of its role in activating membrane calcium channels and cPLA2 (24) . It is tempting therefore to speculate that Parkin, CD36, and a-synuclein (Figure 2 ) may interact to control arachidonic acid metabolism in the brain. It is known that excess arachidonic acid release by activated brain microglia results in the formation of neurotoxic compounds such as prostaglandins, cytokines, and reactive oxygen species (18) . Misfolded or aggregated a-synuclein (like amyloid-b) would potentiate these events. Studies using transgenic mice or cultured primary microglia overexpressing human a-synuclein mutations showed early microglial activation that was partially inhibited in microglia derived from CD36-deficient mice (25) .
In summary, the paper by Kim et al. (7) brings novel insight into the well-known connection between neurodegenerative disorders and lipid metabolism. By documenting the clear link between Parkin and CD36, it introduces a new area of research with abundant possibilities. In addition, the paper shows that Parkin levels are regulated by lipid, an important finding that provides a concrete avenue by which dietary fat intake can have an impact on PD etiology. Possibly, we should ask, does aging increase PD susceptibility via the associated alterations in lipid metabolism?
Figure 2
Potential functional interactions among Parkin, CD36, and the PD-associated protein a-synuclein. Parkin monoubiquitinates CD36, stabilizing it and increasing its level at the plasma membrane. This is in contrast to long-chain FAs, which induce CD36 polyubiquitination and target CD36 for proteosomal degradation. At the plasma membrane, CD36 facilitates uptake of FAs, which are stored into lipid droplets or oxidized by mitochondria. Under conditions of cellular stress, CD36 is involved in Ca 2+ -and ERK1/2-mediated activation of cPLA2 to release arachidonic acid (AA) from endoplasmic reticulum and nuclear membrane phospholipids. Brain AA is involved in the regulation of synaptic transmission and is also converted by microglia to bioactive eicosanoids, which can have pleiotropic effects on inflammation. Excess production of AA-derived metabolites, ROS (from mitochondria), and cytokines (CD36 signaling contributes to cytokine production) by the activated microglia can lead to neurotoxicity. Binding of AA by a-synuclein could modulate its effects and its metabolic conversion to eicosanoids.
Much controversy surrounds the relative role of insulin signaling in the brain in the control of hepatic glucose metabolism. In this issue of the JCI, Ramnanan and colleagues demonstrate that arterial infusion of insulin into the brains of dogs reduces net hepatic glucose output without altering endogenous glucose production. However, this effect was modest and required both prolonged fasting and prolonged exposure of the brain to insulin, raising doubts about the overall physiological relevance of insulin action in the brain on hepatic glucose metabolism. Given the dominant direct role that insulin plays in inhibiting glucose production in the liver, we suggest that the main effect of central insulin on hepatic glucose metabolism may be more chronic and assume greater significance either when portal insulin is deficient, as occurs during exogenous insulin treatment of type 1 diabetes, or when chronic hyperinsulinemia and central insulin resistance develops, as occurs in type 2 diabetes.
Insulin controls nutrient and metabolic homeostasis via effects on the liver, muscle, and adipose tissue. After a meal, insulin acts on the liver to inhibit net hepatic glucose output (NHGO) -the balance between hepatic glucose production (HGP), which occurs via gluconeogenesis and glycogenolysis, and hepatic glucose uptake, which includes glycogen synthesis. In humans (1) and in large mammals such as the dog (2), the direct action of insulin on the liver plays a dominant role in suppressing NHGO. However, studies in rodents suggest that insulin can also act within the brain to alter hepatic glucose metabolism, primarily by suppressing HGP (Figure 1 and refs.  refs. 3, 4) . In this issue of the JCI, Ramnanan and colleagues show that raising brain insulin levels in dogs using the physiologically relevant route of carotid and verte- bral arterial infusions inhibits NHGO by increasing hepatic uptake of glucose and its incorporation into glycogen (Figure 1 and ref. 5). HGP was not substantially altered, although the expression of gluconeogenic genes in liver was diminished. However, unlike the transient (approximately 1-2 hours) rise in insulin and fall in glucagon levels in the portal circulation that follows most carbohydrate-rich meals, the insulin infusions performed by Ramnanan and colleagues were carried out for 3-4 hours and the dogs were fasted for 42 hours; even under these conditions, only a relatively modest inhibition of NHGO was observed. While the work of Ramnanan and colleagues (5) confirms that insulin can act on the brain to alter hepatic glucose metabolism in dogs, it does not settle the question about the relative importance of central insulin signaling in mediating NHGO under physiological conditions in humans and other mammals.
Insulin and the brain
The brain is an insulin-sensitive organ; various studies have shown that insulin action in the brain affects energy and glu-
